NASA TECHNICAL NOTE

|
|

LDEDETD

A

NASA TN D-3620

APOLLO AFTERBODY HEAT TRANSFER
AND PRESSURE WITH AND WITHOUT
ABLATION AT M_ OF 5.8 TO 8.3

by George Lee and Robert E, Sundell

Ames Research Center

Moffett Field, Calif.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION « WASHINGTON, D. C. o SEPTEMBER 1966

WN ‘g4VN AUYHEIT HO3L

|
|
B ke~

o

-~

e



TECH LIBRARY KAFB, NM

WA

APOLLO AFTERBODY HEAT TRANSFER AND PRESSURE WITH AND
WITHOUT ABLATION AT M_ OF 5.8 TO8.3
By George Lee and Robert E. Sundell

Ames Research Center
Moffett Field, Calif.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

For sale by the Clearinghouse for Federal Scientific and Technical Information
Springfield, Virginia 22151 — Price $2.00



APOLLO AFTERBODY HEAT TRANSFER AND PRESSURE WITH AND
WITHOUT ABLATION AT M, OF 5.8 TO 8.3

By George Lee and Robert E. Sundell
Ames Research Center

SUMMARY

Apollo afterbody pressures and heat transfer with and without an ablating
nose cap have been measured at Mach numbers 5.8 to 8.3, stream enthalpies of
1.628x108 to 9.296x108 J/kg, and Reynolds numbers based on diameter of 200 to
22,000. Correlaticns of the data and comparisons with theories have been made.

INTRODUCTION

Ablation type heat shields, commonly used for the thermal protection of
the stagnation region of spacecraft, inject gases into the stream. The ques-
tion of how ablation products affect the downstream portion of the spacecraft
has been considered for simple shapes, such as flat plates, wedges, cones, and
hemisphere cylinders (refs. 1 to 10), and the results indicate that the upstream
injection of gases can significantly change pressures and heat transfer. TFor
more complicated shapes very little information is available about effects of
injection of ablation products. For a configuration like the Apollo, the
situvation is further complicated by the fact that the downstream flow can be
either attached or separated. Since heat transfer and pressures are quite
different for attached and separated flows, the influence of ablated gases is
also likely to be different.

In this report, an experimental investigation of the heat transfer and
pressures to the afterbody of an Apollo model with an ablating Teflon nose cap
is presented and compared with approximate theories developed herein. The
experiments were conducted at Mach numbers from 5.8 to 8.2, stream enthalpies
from 1.628x10% to 9.296x106 J/kg,and Reynolds numbers based on model diameter
from 200 to 22,000,

SYMBOLS
c constant of proportionality in viscosity-temperature relation
Cp drag coefficient
] specific heat of air, J/kg—OK



specific heat of metal, J/kg-°K

P

D model diameter, m

Dy drag/force, N

£( 1) Blasius dimensionless stream function
h total enthalpy, J/kg

Hepf effective heat of ablation, J/kg

I, J, K shear layer integrals used in separated flow theory and defined in
reference 6

Ipr(n), integral of the temperature functions

I1s(n)

k thermal conductivity, J/m-sec-CK

t wall thickness, m

L reference length, m

m mass injection rate, kg/m?-sec

M Mach number

jo) Pressure, N/m?

) average pressure, N/m2

Ap difference in pressure, Py Pns? N/m?

Pr Prandtl number, p.cp/k

a heat-transfer rate, J/m“sec

E average heat-transfer rate, J/m?sec

Aé difference in heat-transfer rate, éa'éna’ J/m?sec
Q integrated heat-transfer rate, J/sec

Q¥ dimensionless heat-transfer parameter defined in equation (A3)
R maximum cross-sectional radius of model, m

R gas constant

Re Reynolds number, pux/u



s¥

St
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8*

Reynolds number, pooumL/p°°

temperature function (eq. (B13))

corner radius of model, m

nose radius of model, m

model surface distance measured from stagnation point, m
dimensionless compressible streamwise distance function (eq. (Al))
temperature function (eq. (B14))

Stanton number, §/poto(hy - hy)

temperature, deg

velocity components parallel to the x and y axes, respectively
velocity, m/sec

velocity at edge of boundary layer

dimensionless velocity used in separated flow theory and defined in
reference 6

stagnation-point recession rate, m/sec

rectangular coordinates in directicns parallel and normal,
respectively, to the free-stream velocity with origin at the nose

the y ordinates of the inner edge of the entropy layer, the outer
edge of the entropy layer, and the body surface, respectively

variable related to Yo (eq. (B22))

angle of attack, deg

asymptotic value appearing in equation (B20)
specific heat ratio

boundary-layer displacement thickness, m
7-1/7+1

variable related to x in equation (B23)

two spatial variables used in boundary analysis (eq. (B5))



av

parameter controlling inviscid tip bluntness effect (eq. (B21))

(b - by)/(heo - )

variables defined in equation (B25a)

coefficient of viscosity, kg/m-sec

wake angle, deg

density, kg/m®

time, sec

function whose derivative o3/dn is u/y,

parameter governing the boundary-layer displacement effect (eq. (B20))

dimensionless total enthalpy used in separated flow analysis

Subscripts
ablation
average
separation point on body
edge of boundary layer
no ablation
stagnation condition
reservoir condition :
wall condition

free-gstream conditions



CONVERSION FACTORS

Metric English . Conversion factor -
Ttenm units units metric to English

-Length meter, m feet, ft 3.281
Mass kilogram, kg 1lby, 2.206
Force newton, N lbe .2248
Energy joules, J Btu .9488 (107%)
Density kg /m3 1by/ft> .06250
Mass flux kg/m2-sec 1by,/ft2-sec .2048
Pressure N/m2 1bp/in.® L1451 (107%)
Viscosity kg/m-sec 1bp/ft-sec L6724
Specific heat J [kg-°K Btu/1by-°R .2388 (107%)
Enthalpy J/xg Btu/lby 4303 (107®)
Thermal

conductivity J/m-sec-°K  Btu/ft-sec-°R .1606 (107%)
Heat-transfer rate J/m2-sec Btu/ftZ-sec L8814 (107%)
Integrated heat-

transfer rate J/sec Btu/sec .9488 (107°)

Multiply metric units by conversion factor to obtain English units.
APPARATUS

Test Facility

The tests were conducted in a hypersonic free-Jjet wind tunnel at Ames
Research Center. The facility is described in reference 1l. The air stream
was heated by a rotating-type electric arc heater; the total stream enthalpy
was varied between 1.628x10° and 9.296X10° J/kg; and the stagnation pressures
were varied between 2.5 and 10 atm. Nominal Mach numbers were varied between
5.8 and 8.3. Typical Mach number surveys are presented in figure 1. The test
conditions are listed in table I.

Models

The model configuration was a 0.0065-scale model of the Apollo command
module. The geometric detalls of the model are shown in figure 2.

The heat-transfer model was made in two parts: a nose cap and a thin-
shelled stainless-steel afterbody. The shell was 3.81x10'5 m thick. The nose



cap of the ablating model was Teflon and that of the nonablating model was
steel. A single thermocouple was located at the midpoint of the afterbody.

The ablating and nonablating pressure models were made entirely of Teflon
and steel, respectively. An orifice of 8.1X10"* m diameter was located at the
midpoint of the afterbody.

Support System

The model was supported from the rear by a hollow sting which served as a
conduit for the thermocouple and pressure leads.

For the heat-transfer test with ablating models a thin-shell half-conical
shield made of steel and lined with asbestos was used to shield the afterbody
of the model until the Teflon nose cap reached steady-state ablation.

Instrumentation

Model temperatures were measured with chromel-alumel thermocouples spot-
welded to thermally insulated steel-slug calorimeters. Thermocouple voltages
were recorded on an oscillograph.

Model pressures were measured with vibrating-diaphram pressure cells
described in reference 12. Voltage output from the cells was read on a
digital voltmeter and also recorded on an oscillograph.

Test Technique and Data Reduction

Heat-transfer measurements were made by the thin-skin, transient-heating
technique. The models were initially at ambient temperature. The afterbody
of the nonablating model was exposed to the stream by removing a shield when
the tunnel flow was established. The afterbody of the ablating model was
exposed to the stream by removing a shield when the Teflon nose cap reached
90 percent of the steady-state ablation rate as calculated by the method of
reference 13+ The skin temperature increased linearly with time for approxi-
mately the first L4 seconds of the test. The heating rates were computed from
the temperature time history by the following equation:

q = pwcpm? dTw/dT

No corrections were made to the heat transfer for conduction effects. It
is believed that the conduction effects were small because of the thinness of
the wall and relatively low conductivity of the steel.

Pressure measurements were made by observing the pressure cell output
voltage on a digital voltmeter. Measurements were taken when the voltage
(iee., pressure) was steady with time. The time to reach steady pressures on



the steel model was a few seconds, but on the ablating model it corresponded
roughly to the time required by the Teflon nose cap to reach steady-state
ablation.

The mass injection rate for o = 0° was calculated by the following
equation

m = (pG)Teflon (1)

where the stagnation-point recession rate, v, was calculated by the stagnation-
point ablation analysis of reference 13. This analysis should give a good
approximation because the heating rate over the nose cap was essentially con-
stant. The calculated recession rates as a function of time for four typical
test conditions are shown in figure 3.

The steady-state recession rate, used in correlating the experimental
data at a = 09, was taken as 90 percent of the theoretical asymptotic value.
An experimental steady-stabte recession rate was not used because of the large
number of data points required. The 90-percent value was chosen because the
experimental afterbody pressures were usually steady at the run time corre-
sponding to the 90-percent value. This indicated that although steady-state
recession theoretically was not attained, the effect on the measured afterbody
pressures was small.

To confirm the accuracy of the method of reference 13, a comparison of
the measured and calculated stagnation-point recession distance is presented
in figure 4. As can be seen, the agreement between the measured and the
calculated values is excellent.

The mass injection rates for the a = 330 cagses were found by the follow-
ing semiempirical formula of reference 1h:

= §/Herr

where for Teflon, Hopp = 950 + O 44 (hy - b ). In this case, § is the aver-
age heating rate over either the windward or leeward side of the nose cap.

The average heating rate was obtained from measured heating-rate distributions
for no mass injection.

RESULTS AND DISCUSSION

The basic heat-transfer and pressure data for the ablating Teflon and
nonablating steel models are presented in figures 5 and 6, respectively. The
data in these figures are plotted against the nominal test conditions listed
in table I. (Note that for heat-transfer tests, test condition I is absent.)
To determine the effects of mass injection on the afterbody heat transfer and
Pressure, comparisons should be made for a given test condition only and not
between different test conditions because of the differences in Mach number
and Reynolds number. Except for the heat-transfer rates on the windward side



of the model at o = 33° which showed no effect of mass injection, heat-
transfer rates were lowered (by as much as 1/2) and the pressures were
inereased (by as much as 1/4) by the mass injection., The lowering of the heat-
ing rates at o = 0° agrees with the results of a free-flight experiment (see
ref. 15) which showed that mass injection from an sblating nylon nose cap
lowered the afterbody heating by nearly 1/2.

Since the heat transfer and pressure were affected by the mass injection
rate, Mach number, and Reynolds number, correlation parameters which consider
all these variables will be required when data are compared for different test
conditions. A brief description of the theories from which such parameters
were obtalned will be given next and correlations of the data in terms of

these parameters will follow.

Separated Flow

The separated flow theory of Baum, King, and Denison (refs. 6-9) was used
to obtain a correlation parameter for the a = 0° and 33° leeward flow. This
theory was an extension of Chapman's theory for laminar separated flow
(ref. 16) to include a finite boundary layer at the separation point and mass

injection from the body surface.

Before the correlation parameter obtained from the theory is presented
the validity of the theory for the o = 0° flow and the a = 33° leeward side
flow will be discussed briefly. It must be shown that the following assump-

tions are satisfied:

l. Flow is separated over the afterbody surfaces at a = 0° and o = 33°
on the leeward side.

2. Injected gas and free-stream gas are the same.

3. The distribution of injected gas is proportional to MGZ.

Discussion of Assumptions

1. Evidence that the flow was separated over the afterbody at o = 0° and
over the leeward side at o = 33° can be seen in the oil-film pictures of
figure 7. The separated flow regions are indicated by little or no disturb-
ance of the oil film because shear forces are low; whereas, the attached flow
regions (a = 33° windward side) flow lines are established by the higher shear

forces.

2. Assumption 2 was not accurate since the injected gas was Teflon and
the free-stream gas was alr. The effect of such a difference on the afterbody
pressure and heat transfer is indicated by reference 17; injecting a heavy
gas, like Teflon vapor, increases heat transfer more than injecting a lighter

gas, such as air.



3. As shown in figure 8, the experimental injected mass distribution over
the nose cap was not proportional to NX for a = 0°% For o = 339, this
assumption was more closely matched. The effect of not meeting this
assumption cannot be assessed.

Now that the validity of the assumptions has been discussed, a correlation
parameter (i.e., the modified stream function) f(0) will be presented from the
theory. From appendix A, where the pertinent equations of the theory are
given, £(0) for a = 0° and 33° was found to be

£(0) = 0.5 /—D )ngzn] for a- o° (a7)
- - (1) per10n _ 220 .
£(0) = -1. 2'J____[(peue)av }, for o = 33 leeward side (A8)

It is noted that the parameter f£(0) is an incomplete correlation paresmeter in
the sense that it does not explicitly contain all the variables of the problem.
However, it does contain two of the major ones, namely, the Reynolds number and
the mass injection rate ratio.

The experimental heat transfer and pressure are plotted in figure 9 along
with the predictions of Baum, King, and Denison. The experimental data corre-
late fairly well on f£(0). The data trends are predicted by the theory but the
agreement of absolute magnitudes is not very good over the complete range of
£(0).

As seen in figure 9, the effect of mass injection, experimentally and
theoretically, was to raise the pressure and to lower the heat transfer. The
increased pressure was caused by a lower "dividing-streamline velocity" as a
result of mass inJjection. According to the "recompression condition" of
Chapman (ref. 16), this lengthens the wake and lessens the expansion at the
separation point, resulting in a higher pressure. The lower heat transfer was
due to the inJjected gases of lower temperature being entrained by the separated
flow.

Attached Flow

For attached flow at « = 339, correlation parameters were developed in
appendix B by extending H. K. Cheng's blunt-nosed flat-plate viscous inter-
action theory (refs. 18 and 19) to include surface mass injection. The choice
of a blunt-nosed flat plate to represent the attached flow over the model at
o = 33° was based on the results of reference 20 which showed that the
pressure distribution on the windward side of an Apollo model can be repre-
sented quite well by two-dimensional blast-wave theory.

Before presenting the correlation parameters obtained from the theory, a
brief discussion of the following assumptions of the theory and how well each
of these assumptions was met in the experimental case will be given.



1. Injected gas is the same as free-stream gas.

2. Distribution of injected mass is proportional to x™5/8,

3. The disturbance velocity (u/uex-1) as well as the square of the flow
angle in the inviscid flow field must be negligibly small in comparison to

unitye.
4, The specific heat ratio must be sufficiently close to unity.
5« The bow shock must be sufficiently strong.

6. Vorticity interaction effects are small and the Blasius boundary-layer
solution is used between the shear layer and the body surface.

Discussion of Assumptions

1. The same comments apply as in assumption 2 of the separated flow
theory.

2, The x~>/% variation in mass distribution was not met for the heat-
transfer tests, but was for the pressure tests. (See fig. 10.) Because of the
differences in model construction, the ablation on the heat transfer model
stopped at a distance of 3 corner radii downstream of the nose; whereas, there
wags ablation further downstream on the pressure model. According to refer-
ence 3 the heat transfer should be higher for discontinuous injection than for

the continuous injection.

3. The small disturbance velocity and flow angle were satisfied except in
the region near the nose. :

4, Assumption 4, that ¥ Dbe close to unity, was not met. This, however,
was not important since the assumption of ¥ = 1 permitted the dropping of the
pressure gradient term in the momentum equation and this same result is also
achieved by a "cold wall" boundary layer (cf. L. Lees, ref. 21).

5. The strong shock assumption was satisfied.

6. According to Cheng, errors from vorticity interaction will probably be
no larger than those incurred by the approximation of small disturbance
velocity (i.e., assumption 5).

The correlation parameters were obtained from the following equations
developed in appendix B for the pressure and heat transfer on the flat plate.

2
P K
% 1;71: <é> = a(n) (B30)
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St e [Ga v L Mszlr(w) + <}K - _a%> I15(oo) xn€%> &M

2s'(0) J7,
/ G(A)E* an

(B31)

With the solutions in this form, it is natural to choose the left side of
equations (B30) and (B3l) as the ordinate of the correlation plots for
pressures and heat transfer, respectlvely. The right-hand side of the equa-

tions can be related to xel/n 2/3 (gee eqs. (B23) and (B28)). Hence
xel/n€2/3 was chosen as the abscissa of both the pressure and heat-transfer
correlation plots because, for a given set of test conditions, Xe, /Keg/a is
proportional to x1/6, The bracketed term in the parameter

c 7-1 5 <?w Taﬁ) ]
e, = 2 — oy + — Iir + { = - Tis(ow
ei Mm/ReL[l 2 Ene) + (R - 25 Tas(e)

(see eqg. (20)) is a function of the injection rate since a3, Iir(w), I1s(w)
are functions of f£(0). Increasing the injection rate or the wall temperature

r
will increase Xei. The term kg = 2€MwSCD 3% is independent of the
injection rate and is a function of the inviscid flow and model geometry.

The attached flow heat-transfer and pressure data are plotted versus the
parameters shown in equations (B31l) and (B30) in figures 11(a) and 11(b),
respectively. There are four distinet groups of data which varied over three
orders of magnitude in the parameters shown on the ordinate. The large varia-
tion is caused by the changing Mach number and Reynolds number. Therefore the
plot is primarily a correlation of the effects of Mach and Reynolds numbers.
Although the effects of mass injection are also included in this plot through
the parameter Xei’ the effects of the mass injJection cannot be readily seen

in this plot for the following reasons: (1) Xg; 1s a complicated function of
the mass injection rate, (2) X, appears in the abscissa and ordinate (raised

to the 1/4 and 1/5 power for the pressure and heat transfer, respectively),

and (3) the effect of mass injection for the present tests is less than 40 per-
cent and therefore is not readily seen on a logarithmic plot. The data will
be plotted in terms of the mass injection parameter later.

Comparisons of the heat-transfer and pressure data with theory are also
presented in figures 11(a) and 11(b). The agreement between theory and the
data (due primarily to Mach and Reynolds number effects) is only fair.
Differences as large as a factor of 2 are present. These differences can be
attributed to the fact that many of the assumptions of the theory were not
satisfied experimentally. TFor the same reasons stated previously, a comparison
of the theoretical and experimental effects of mass injection cannot be readily
made from this figure.

11



The heat-transfer and pressure data plotted against the mass injection
parameter f£(0) (at constant M, and Rey,) are presented in figures 12(a) and
12(b), respectively. Experimentally and theoretically, the effect of mass
injection was to raise the pressure.. The increased pressure was probably due
to a larger displacement thickness as a result of the injected gases. The
effect of mass injection was to lower the heat transfer theoretically, but not
experimentally. The probable reason why the mass injection did not affect the
heat transfer in the experimental case was that the mass injection occurred on
the nose tip only. According to reference 3, the heat transfer for this type
of discontinuous injection quickly approaches that for no injection a short
distance downstream of the point of injection.

CONCLUSIONS

From the results of the experiment and theory for the model at o = o°
and 330, the following conclusions were reached:

1. Ablation increased the afterbody pressures in the separated and
attached flow regions.

2. Ablation decreased the afterbody heat transfer in the separated flow
regions, but had a negligible effect in the attached flow region.

3. For separated flows, heat transfer and pressure were correlated in
terms of the modified stream function. For attached flows, the data were
correlated in terms of the inviscid tip bluntness and boundary-layer displace-

ment parameters.

Ames Research Center
National Aeronautics and Space Administration

Moffett Field, Calif., June 3, 1966
129-03-12-01
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APPENDIX A
CALCULATION PROCEDURE FOR SEPARATED FLOWS

An outline of the method of calculation and the pertinent equations are
given below. The charts required for the calculations were taken from refer-
ence 6. A sketch of the separated flow region is given in figure 13(a).

The method for calculating pressures involved an iterative procedure in
which the pressure ratio p4/ps (i.e., pressure downstream of the recompression
shock to the pressure in the separated region) was calculated by inviscid and
viscous flow analyses and compared with each other. When p4/p3 ratios are
matched, the problem is considered solved.

1. For the inviscid or outer flow problem, assume a value of v, the
expansion angle of the wake. With this angle, P4/P3 was found by two-
dimensional wedge flow methods.

2. For the viscous or inner flow problem, p4/p3 was found as follows:
(a) Take the v from the inviscid case.

(b) Compute s* as follows:

sin B

Sp
C r ds — Py
5 ng 3Pa Usla p_\O-© P, i/s 1
= ki -3 1 - (=
Ps i

Jr Copausiar ds(pelehe),
° (A1)

where for the nominal test conditions

k1 = 5.5 for a = Q°

i

ky = 12.5 for a = 33° leeward side

3. u* can be found from a plot of u* vs. s* (fig. 6 of ref. 6).
L. Solve for Qg and Qp as follows:

g - K - T+ Q¥
C~"1-7

13



where I, J, K, Wp are taken from plots in reference 6 and

Q J/ 0.9 - Bé 1/e71/2
.- o e
2n(hg - hy) VSp Ps

5. 7P /p from the viscous solution can now be solved as follows:
4/ F3

e
7-1 a2, 2 -1
P, 2

= - |1+ o
- -1
1+22_1b432(1-u*2)- l+7TM32>< -E;—“-)QD

Ps

(A2)

The equation for the afterbody heat transfer was taken from reference 7;
namely,

= K(a/qy) (A3)

From this, the ratio of the total base heat-transfer rate with and without
injection is

Qizw (Ak)

%
“na KoQna
CORRELATION PARAMETER

The modified stream function f£(0) chosen to correlate the data was
obtained by equating the integrated Teflon mass injection rate obtained by the
theory of reference 13 or 14 to the theoretical flat-plate mass distribution of
reference 22. The resulting equation is

(=)= [ G

The theoretical mass distribution is

F=) - 3fE o )

theory

dx
e>‘theory (45)

where pg, U, are average edge conditions over the nose.

1h



Therefore, by integrating equation (A5),

at o = 0°

£(0) = -0.75 JFa [%Tr—iiiinj
N
at o = 33°
£(0) = -1.2 [Fex, (—5:—1292}
av

(A7)

(A8)

15



APPENDIX B
THEORY FOR ATTACHED FLOW

The theory used for the attached flow case (a = 33° windward side) was an
extension of H. K. Cheng's theory (refs. 18 and 19) for hypersonic viscous flow
over a blunt-nosed flat plate to include the effect of mass injection. The
development of the extended theory is presented below. Only the equations
required to show the effects of injection are developed. All other equations
are taken from reference 18. A sketch of the flow field around the plate is

shown in figure 13(b).

GOVERNING EQUATIONS

The steady laminar flow of a viscous compressible fluid in a boundary
layer on a blunt-nosed flat plate is governed by the momentum equation

du, ,%u_129/ 3u)_ 19
i - pay<“ay> 5 o (81)

the equation of continuity

d(pu o pv
R (52)

the energy equation
éi §?> = 9 é;) <§%>2 QR
Py <F StV 3y, s <% 5. kS + u - (B3)

and the equation of state
P = pRT (BY)

these equations are subject to the following conditions:

v =0 u = Uy
at y =

v=v(x)) at y=0 and T =T,

T =T,
The variables x, y in the boundary-layer equations are now transformed as
follows:

X
D dx
§=f c 2 & (BSa)
o o0

16



Jr%ffo ’

]

Assuming a linear viscosity-temperature relation

s"l13

(B5b)

X
c 2
b

(o]

dx
L

5\

B T

- = ¢ =

Hoo T,

and a constant Prandtl number of 0.72, the system of differential equations
governing the boundary-layer problem is reduced to

S 2 2
§_§.+ o & Z _pp (92 0 22 §_§>
an an nag a'r] Bgan
2 0 \°
- c pzaxfo de){_J’( ) J <6r>]
(B62)
2§E+P¢3T+2Prg 90 o _ o0 Jr
n® on Ot On  On Ot
ety -, (T8 L2Em R
= -2Pr(y - 1)MT, S B op D oy dxds p dx
(B6b)
and the boundary conditions
20 ) 9
aT]—o at 1 =0
® =0 at 1 = 0 for no injection ) (B6c)

® = const at 1N = 0 with injection
where J
u _ 0
U O

The normal or mass injection velocity at the wall can be found by integrating
the continuity equation to obtain

17



_1P2% w _ No [m,o) . em(g,o)} (B7a)

is

S oLlPf we VO 4

The modified stream function, f£(0), which determines the effect of injection
on heat transfer and pressure, is solved from equation (BT7a) by equating the
integrated Teflon mass rate (ref. 14) to the integrated theoretical mass rate
as follows:

m L. = fL2 pWVW dx = T o) C £L2 P/Poo
_n_ L= Py o _£0) [C
PooYoope £1 on o  Polh 2 JReg,

Tz
\/l (p/p)(ax/L)

(BTb)

I; 1is the length on the experimental model which is ablating and L. 1is the
total length of the model. For the heat-transfer model, Ly was less than I
because ablation stopped slightly downstream of the nose. For the pressure
model, Liy = Lo because ablaticn occurred along the entire length of the model.
Before equation (BTb) can be solved, the pressures over the plate must be known.
To the first approximation, the asymptotic solution of reference 18 for the
pressures near the nose of the plate

1/3
D _1_> . 2l3
P, \18 €

shall be used. The medified stream function was found to be

. /6
£(0) = 0.13(Rep) /2 (%) Tex '~ (B7¢)
o0 Teflon N&

The leading approximation to the solution of the system of equations (B6)
for € -+ O according to Cheng is

430 ao

o & ¥ e =

ap " Pa ° (B8)

or in the more familiar notation

18



-

frer 4 £F" = 0 (B9)

where f' = EUL/Ubo and
T" + PreT! = - %1 M, 27 Pr(s")> (B10)

where the primes denote total derivatives with respect to 1.

The momentum equation thus becomes the Blasius equation with a nonvanish-
ing initial value. Solutions of the problem can be found in reference 23.

The energy equationl can be solved by methods described by Chapman and
Rubesin (ref. 24). Some numerical solutions of this equation can be found in
reference 22. Following the method of reference 22, the energy equation can
be split into two linearly related parts:

T -1 T,  Tay
=1+ L= Pr(n) + (2 - 288) 5(n) (B11)
T 2 T Too
Ty 1s the adiabatic wall temperature given by
T -
- 1+ o) (m12)
o0
and 1 and s satisfy
n Pr 2
1 - L ==
r" + Prfr' = 5 (£") (B13)
r'(0) = 0, r(w) = 0 ]
)
s" + Prfs!' = O (B1Y)
s(0) =1, s(w) =0

The surface heat transfer and the boundary-layer displacement thickness
are found to be

. -k gg P
st = q _ v __s'0) [ i
PploolBayy = Tyy) 0 Vool By - Tiy) 2Pr  [Rey, W
o p, L
(B15)
&¥ _ pd 2 W Taﬁ> } p C X
L (: 1 5 (o) T, T, s () P, Rer, Jo P, L
(B16)

lote that equation (B10) is not the simplified energy equation of Cheng's.
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From Cheng's analysis of the conservation of mass and entropy in the
entropy layer (i.e., the layer bounded by the shock wave and the outer edge of

" the boundary layer) a pressure-area relation in the entropy region assuming

Y = 1 was developed, namely,
(Yo - ¥) n (B17)
- p =
e b poo'q)oz

The pressure can be approximated by the Newtonian-plus centrifugal formula
p = p U, (YY)
Therefore equations (Bl7) and (B16) can be written
(Yo - ¥, - 3¥)(YY")! = eCpr, (B18)

Jlgf ’Y Yo

M2 (Yere)' (19)

These are the equations governing the zero-order approximation of the problem,
xe is defined as follows:

Xe, = %J—[Gl + —— L M 2Tr(w) + G_,—W - $3W> Iis(e )] (B20)
; )ReL 00 00
By introducing the following new variables
r
= A ecy 2 (B21)
2
Xe: 2\ Y
Z = 8M, <f€—> ri‘i (B22)
Xel
¢ =0z (B23)

equations (B18) and (B19) can be simplified further to
72(zz')' -JzZ2" = 1 (B2k)
The equation in this form can be solved parametrically as follows:

Let

o = 72/ and A\ = do/dt (25a)
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Equation (B24) becomes

J20 A % N =1 (B25b)
which can be integrated to give
A, \3/2
[J_ - } (B26)
The solution of equation (B24) can finally be brought to the parametric form
A A3
z=2[\7\—§+ 3 -Zn(1+ﬂ)] (B27)

6 =3 (1+V0* -5 (1440 + 91 +VR)°

k6 (1 +JN) + % (1l +JA) - 58 w1 +JR)

2
2 [Zn(l +\/-7T)} + —7—96- (B28)

The pressure on the plate can now be found from the Newtonian-plus
centrifugal formula as follows:

4 d¥e an

If equations (B27) and (B28) are differentiated and substituted into equa-
tion (B29) the pressures can be put into the form

T (Ee) () s BB (250

The primes denote differentiation with respect to A.

Having the solution to the pressure, the heat-transfer distribution can
be found by substituting P/P, from equation (B30) into the previously derived
heat-transfer equation (B15). The heat-transfer equation is
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_ Pri, o 700'1 2 . T T Oo:|<K‘. >3

€1

G(N)

i/lx G(N)E' an

(B31)
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TABLE I.- NOMINAL TEST CONDITIONS

- by Py
Test condition M J /k gxlO_G N /maxlo—e Re DxlO_S
1 8.3 1.628 1.0 22.00
2 8.1 2.324 1.0 7.10
3 7.8 3.486 ) 2.80
4 Tl 4,648 50 .65
5 6.8 5.815 37 .60
6 6.2 6.972 .25 .30
7 5.8 9.296 25 .20
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Figure 1.- Typical Mach number distribution in test section.
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Stagnation point recession rate, v, m/sec x 108
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